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An Experimental Investigation
of the Material Behavior of FDM
PCTG Sockets
Avery Dumas IV
Dr. MacArthur Stewart, Mentor

ABSTRACT
Additive manufacturing, or 3D printing technologies, has been
extensively used to develop evidence-based methods to construct
lower-limb prosthetic sockets. However, the resulting structural, or
3D-printed materials behavior, is not well understood. With the intent
of supporting evidence-based design guidelines to print amputee-specific sockets, the structural behavior of successfully-worn transtibial check
sockets made from PCTG and printed from the FDM 3D printing process
was benchmarked. Specifically, ASTM D638 type I tensile test specimens
were die-cut from sheets of material with the 3D-printed characteristics
of the check socket. Test samples were cut parallel and perpendicular to
the print direction and tested according to ASTM D638. From the measured load-elongation data, stress-strain curves and the corresponding
material properties were derived, including modulus of elasticity E, Poisson’s ratio ν, yield strength Sy, and ultimate strength Su. Based on t-test
results, the modulus of elasticity E and ultimate strength Su were directionally dependent. However, variations associated with Poisson’s ratio ν
and yield strength Sy were insignificant.
Keywords: 3D printing, lower-limb prosthetic socket, additive
manufacturing, tensile properties

INTRODUCTION
Additive Manufacturing (AM), better known as 3D printing, is
the fabrication of structures by laying down consecutive composite layers from a printer[1]. The layers of material are placed one by one and
fused until the completion of the product. The printers communicate
with computers to allow the user to dictate the configuration of the structure. This short and easy-to-follow process allows for individual use and
makes AM ideal for personalized manufacturing.
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Using AM to fabricate lower-limb prostheses is not a recent discovery. Some initial models were printed as early as the beginning of the
1990s[2]. These studies focused on creating cost-effective socket fabrication methods that depended less on the expertise of a prosthetist, and
more on improving the overall comfort of the prosthetic by redesigning
load management at the AM socket for the residual limb. The sockets
were designed to serve two primary functions: to protect the residual
limb and to transfer the load from the prosthetic to the residual limb.
The socket contact points are the main points of discomfort for wearers.
Discomfort associated with poorly-fitted sockets includes, but is not limited to, excessive pressure on the residual limb, limited knee flexion, skin
sores, and heat and moisture retention[3-5].
The most commonly considered 3D printing technologies used to
print amputee-specific sockets have included stereolithography (SL)[6],
selective laser sintering (SLS)[7-12], fused deposition modeling (FDM)
[13-16], and material jetting [17-19]. The objectives of these prior works
ranged from improving comfort by controlling the sockets’ compliance,
to producing sockets without the need of a plaster cast. With the intent of
measuring the as-printed material strength, researchers from the National University of Singapore machined D638 type IV tensile test specimens
from hexahedral-shaped polypropylene sockets that were produced
from FDM 3D printing technology[19]. They concluded that additional
research was needed to characterize the strength and durability performance. As the published research shows, 3D printing technologies are
promising replacements for the artisan-based methods to produce lower-limb prosthetic sockets. However, additional research is needed to establish baseline durability requirements and targets.
In this investigation, the structural behavior of a successfully
worn transtibial check socket made from Poly Cyclohexylenedimethylene
Terephthalate glycol-modified (PCTG)[20] and printed from the FDM 3D
printing process was characterized. Specifically, the tensile properties were
experimentally determined according to ASTM D638[21]. Dog-bone-type
tensile test specimens were die-cut from sheets of material with the same
3D printing process parameters as the socket and tested on a universal testing machine. In addition to measuring the axial load, axial and transverse
elongations were measured. From the experimentally derived load-elongation data, the following material properties were calculated: modulus of
elasticity E, Poisson’s ratio ν, yield strength Sy, and ultimate strength Su.
The paper is organized into five sections. The experimental methodology, including the techniques used to construct the tensile test
62

An Experimental Investigation of the Material Behavior of FDM PCTG Sockets

specimens, is discussed in section 2. Section 3 covers the fundamental
principles used to calculate and evaluate the tensile properties from the
measured load-elongation data. In addition to the empirically derived
tensile properties, four remarkable experimental observations are presented in section 4. A generalized approach to measure the tensile properties of 3D-printed sockets is suggested in section 5. Three conclusions
were drawn from the research, discussed in section 6.

METHODS AND MATERIALS
Experimental Setup
Figure 1 gives a general overview of the method used to characterize the material behavior of the FDM PCTG material. First, a rectangular tube was fabricated from the same 3D printer and process parameters used to fabricate the check socket. ASTM D638 type I test specimens
were die-cut from the flat sides of the rectangular tube and tested on a
computer-controlled universal testing machine.
Figure 1. An Overview of the Method Used to Characterize the Material Behavior
of the FDM PCTG Material

63

Avery Dumas IV

Starting with a rectangular tube with the structural properties of
the socket, the edges were cut off, leaving flat sheets (top-left); ASTM
D638 type I test specimens were die-cut from the flat sheets (top-right);
tensile testing was performed on a universal testing machine (bottom).
The following equipment was used to conduct this experimental
investigation:
• Test specimen cutting die, ASTM D638 type I
• Hydraulic bench press, Dake Model B-10
• Computer-controlled electromechanical universal testing machine, UTS, Inc. DFM-300KN
• Axial extensometer, Epsilon 3575
• Transverse extensometer, Epsilon 3542
• 0-6” dial caliper, Fowler High Precision

FDM PCTG Material Samples
FDM PCTG check sockets were considered for this experimental
investigation. To avoid contoured test specimens, a rectangular tube was
fabricated from the same in-house built FDM 3D printer and process
settings used to print the check socket. The length, width, and thickness
of the tube were 350 mm, 200 mm, and 2.5 mm, respectively. The edges
of the rectangular tube were cut off, leaving flat sheets. Simplify 3D, a 3D
printing software, was used to slice the solid model of the rectangular
tube. The primary 3D printing process settings were:
• Bed temperature – 40º C
• Melt temperature – 245º C
• Nozzle diameter – 2.0 mm
• Layer height – 0.4 mm
• Cooling temperature – 100% of base layer
• Infill – 0%
• Print speed ~ 2100 mm/min

Specimen Construction and Testing
Along with a hydraulic 10-ton bench press, an ASTM D638 type
I test specimen die was used to cut test specimens from the flat sheets.
To minimize the formation of residual stresses in the test specimens, the
cutting surface of the cutting die was tapered toward the outside. Six test
specimens were cut parallel to the print direction. The sense of the print
direction was along the longitudinal axis of the tube. In addition, seven
tensile test specimens were cut perpendicular to the print direction.
Tensile testing was conducted according to the ASTM D638
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– Standard Test Method for Tensile Properties of Plastics. Prior to securing the test specimens in self-locking grips, the thickness and width
were measured using a dial caliper at the center of the specimens. The
axial load was applied at a rate of 5.08 mm/min. In addition to load-cell
measurements, axial and transverse extensometers were used to measure
elongation in their respective directions. Testing continued until fracture
or the onset of necking.

Theory
This section presents a review of the fundamental principles used
to calculate the tensile properties from the measured load-elongation
data and physical properties of the test specimens. Aside from stressstrain curves, the corresponding mechanical properties were derived,
including modulus of elasticity E, Poisson’s ratio ν, yield strength Sy, and
ultimate strength Su.
Engineering stress and strain calculations. For each data point,
the engineering stress was calculated by dividing the measured load by
the specimen’s original cross-sectional area,
(1)
Similarly, the engineering strain was calculated by dividing the
elongation by the gage length,
(2)

The calculated engineering stress and strain values were then
plotted to generate the resulting stress-strain curve. From the stressstrain curve, the modulus of elasticity E was calculated from the slope
of the initially linear region. Since the yield stress was not well defined,
the stress related to the 0.2% offset strain was used in its place. The ultimate strength Su corresponded to the maximum stress on the stressstrain curve.
Calculation of Poisson’s ratio. Per ASTM D638, the axial and
lateral strains were plotted against the measured load range used to calculate the modulus of elasticity. Poisson’s ratio was then calculated from
the ratio of the slopes of these strain-load diagrams,
65

Avery Dumas IV

(3)

where F, єt, and єa represent the axial force and transverse and
axial strains, respectively.
Comparison of means. The means of the tensile properties were
further evaluated to determine if the variations were significant between
the two material directions with a confidence level of 90%. First, the
t-statistic and the degrees of freedom for the two data sets were calculated from
(4)
and
(5)
The t-statistic was then compared to the critical value. Statistical
significance was found when t < tcritical.

RESULTS
Data from each of the 13 tensile test specimens were used to calculate the averaged structural properties. Erroneous data due to experimental error were discarded. The resulting stress-strain curves are shown
in Figures 2 and 3. The following four experimental observations were
remarkable: 1) the stress-strain response was similar to many non-strain
hardening metals. The initial deformation was linearly elastic, followed
by a region of plastic deformation; 2) the yield strength Sy was not well
defined. Because of this, the offset method was used to define the yield
strength; 3) Figure 4 shows that a significant neck formation was found
on test samples that were loaded parallel to the print direction; 4) the
fracture surface on test samples that were pulled perpendicular to the
material direction occurred both within and between the printed layers.
Figure 5 shows that test samples 8 and 12 fractured between layers. The
angle between the material direction and fracture surface was 0º. However, the angle between the material direction fracture surface for samples
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Figure 2. Parallel Tensile Test Results. Load applied parallel to the material direction

Figure 3. Perpendicular Tensile Test Results. Load applied perpendicular to the
material direction

9 - 11 and sample 13 was greater than 0º. Fractures occurred within layers
for these test samples.
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Figure 4. Tensile Test Samples When Load Applied Parallel to the Material Direction

Figure 5. Tensile Test Samples When Load Applied Perpendicular to the Material
Direction

Figure 6. Calculation of Poisson’s Ratio. Representative strain-load curve

68

An Experimental Investigation of the Material Behavior of FDM PCTG Sockets

Figure 6 shows a representative strain-load curve used to calculate Poisson’s ratio. Using the least squares method, the slope of the
best-fitting line was computed from each curve, and Poisson’s ratio was
calculated from equation (3).

Tensile Properties
The calculated tensile test properties from the empirically derived
load-elongation data are shown in Tables 1 and 2. These two tables contain the tensile properties for each specimen, as well as the averaged values. For test samples that were pulled parallel to the material direction,
the modulus of elasticity E ranged from 1609 MPa to 1526 MPa. Averaged values for Poisson’s ratio ν, 0.2% offset yield strength Sy, and ultimate
strength Su were 0.11, 31.9 MPa, and 43 MPa, respectively. In comparison, the modulus of elasticity E for test samples loaded perpendicular to
the material direction ranged from 1533 MPa to 1430 MPa with a standard deviation of 43 MPa. Averaged values for ν, Sy, and Su were 0.11, 30.9
MPa, and 40.2 MPa, respectively.
Table 1. Tensile Properties When Load Applied Parallel to the Material Direction

Sample
no.

width,
w [mm]

thickness,
t [mm]

modulus of
elasticity,
E [MPa]

Poisson’s
ratio, ν

0.2% offset yield
strength,
Sy [MPa]

ultimate
strength,
Su [MPa]

1

12.80

2.59

1609.1

0.116

34

44.1

2

12.80

2.59

1585.7

0.106

31

43.4

3

12.95

2.57

1605.3

0.114

33.5

43.9

4

12.73

2.62

1530.5

0.106

31

41.7

5

12.93

2.59

1526.2

0.117

30

41.5

6

12.78

2.49

1563.8

0.105

31.5

44.1

7

12.93

2.59

1558.5

0.108

32

43.3

n

7

7

7

7

7

7

mean

12.85

2.58

1568.44

0.1103

31.86

43.14

stdev

0.09

0.04

33.30

0.01

1.44

1.10
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Table 2. Tensile Properties When Load Applied Perpendicular to the Material
Direction
Sample
no.

width,
w [mm]

thickness,
t [mm]

modulus of
elasticity,
E [MPa]

Poisson’s
ratio, ν

0.2% offset yield
strength,
Sy [MPa]

ultimate
strength,
Su [MPa]

8

12.73

2.57

1533.3

0.102

31

39.7

9

12.73

2.57

1464.6

0.1062

34

40.1

10

12.73

2.57

1505.6

0.1084

30

40.3

11

12.73

2.49

1519.4

0.106

30.5

41.1

12

12.80

2.54

1542.5

0.107

29.4

-

13

12.95

2.51

1431.3

0.102

30.5

39.7

n

6

6

6

6

6

5

mean

12.78

2.54

1499.45

0.11

30.90

40.18

stdev

0.09

0.03

43.11

0.00

1.61

0.58

Comparison of Means
Table 3 contains the results from the t-test compared to the mean
values. Note that the absolute value of the t statistic for the modulus of
elasticity E and the ultimate strength Su were larger than the critical value
t90. Hence, the variations of E and Su between the two material directions were significant. In other words, the stiffness and ultimate strength
properties of the FDM PCTG check socket were directionally dependent.
Conversely, ν and Sy were directionally independent. The absolute values
of their t statistics were smaller than the critical value t90.
Table 3. t-test Results. Comparison of means
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E

ν

Sy

Su

t

3.19

2.24

1.12

6.05

dof

9

9

10

9

t90

2.262

2.262

2.228

2.262
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DISCUSSION
In practice, design engineers and prosthetists could use the proposed methodology to measure the 3D-printed material properties of
lower-limb prosthetic sockets. The solid model of the socket would first
be modified by constructing flat sections in the areas of interest. Test
specimens would then be cut or machined from the flat sections and tested according to ASTM D638. In cases where limited material is available,
ASTM type V tensile test specimens would be considered. The results,
specifically the AM technology and corresponding 3D printing process
settings, would be used as evidence-based designs for additive manufacturing (DFAM) guidelines for similar socket fabrications.

CONCLUSION
The results of this study add to the published literature on defining the material behavior of prosthetic sockets fabricated from AM technologies. In particular, this research demonstrated four points: 1) ASTM
D638 tensile test specimens can be die-cut from sheets of material with
the inherent material properties of 3D-printed check sockets. Since the
cutting surface of the cutting die was tapered toward the outside, it was
assumed that residual stress formation was minimized; 2) for the FDM
PCTG material in this study, the tensile properties were repeatable. E and
Su were found to be directionally dependent. However, the variations associated with ν and Sy were statistically insignificant; 3) significant neck
formation was observed for test specimens that were loaded parallel to
the material direction; 4) for test specimens pulled perpendicular to the
material direction, there was no dominant mode of fracture. Fractures
occurred both within and between printed layers. To fully understand
this phenomenon, additional research is needed to study the impact of
3D printing process parameters on the between-layer bond strength.
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